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Abstract
Methods have been developed and are described for reconstructing 3-dimensional
images of -y ray emitting sources with high spatial resolution (about 1mm) and large
geometrical acceptance (a few percent), by using Compton scattering events detected
in high pressure noble gas detectors.
Using "electronic collimation", Compton tomography has potentially orders of
magnitude larger acceptance than conventional Anger gamma-cameras with parallel
hole collimators(which is about 10-4). However, as the incoming -- ray direction can
only be determined on the surface of a cone instead of in a line, more complicated
methods of image reconstruction are required. The ultimate efficiency and accuracy
of the Compton tomography strongly depend on the reconstruction method. Simple
geometrical considerations, to obtain image by labeling and accumulating weights of
intersection of cones, is not sufficient to reconstruct complicated images.
One approach considered is to follow the traditional way of converting 3D problem
into 2D problems. By applying a 1-D slit collimator, which isolates 3D image space
into several 2D slices and cuts the cone into rays simultaneously, we can reconstruct
2D images from ray projections by using inverse Radon transform and 3D images can
be obtained by piling up 2D images with proper interpolation. The slit collimator
preserves large geometrical acceptance (a few percent). This simple and fast recon-
struction method can be adapted to traditional reconstruction algorithms, however
it lacks mechanisms of taking care of statistical error and background corrections.
The second reconstruction method, studied in greater detail, is a general method
based on the Maximum Likelihood method. As an exact Likelihood function contains
a huge number of terms and needs to be maximized over millions of parameters, the
selection of the most significant terms and the development of a special maximizing
procedures are essential to reduce the calculations to a manageable level and allow
one to reconstruct 3-D objects with high precision.
Further reduction of calculations and the required number of events was achieved
by adding to the detector an immobile perforated screen with a transparency of a
few percent. A RMS of sub mm resolution has been demonstrated for ideal (with-
out background) events. Complicated space objects like a hollow toroid have been
successfully reconstructed.
Background, such as the scattering of ys by human tissue, produces halos which
spoil the reconstructed images. The ability of using full 3D information to suppress
the halos and filter noise during the reconstruction is the advantage of the developed
Adaptive Maximum Likelihood method. A primary study has demonstrated the halo-
suppression and image-sharpening effects.
The solution of this problem for Compton scattering tomography could be appli-
cable to other y tomography as well.
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Chapter 1
Introduction
1.1 Conventional SPECT system and its image
reconstruction
The reconstruction algorithms used conventionally in SPECT (Single photon emis-
sion computed tomography) are based on the assumption that incoming photons are
known from collimation and the reconstruction can be reduced to 2D problems of
reconstructing separate thin slices of the 3D distribution. The 2D images are re-
constructed by an inverse Radon transformation from ray projections. The detailed
mathematical approach is described in chapter 4.2. Most of the SPECT are cur-
rently performed with a rotating camera made of Nal scintillator and equipped with
a parallel-hole or a similar multiple-hole mechanical collimator. Mechanical collima-
tors suffer from a fundamentally low sensitivity, since only a small fraction (about
10- 4) of y rays emitted from the object and aimed at the detector are transmitted
through the apertures to produce counts, and a poor position resolution of a few
mm corresponding to the size of the holes. Furthermore, if the energy of the emitted
radiation exceeds about 250keV, the combination of the required septal thickness,
length, and diameter of apertures for effective collimation deteriorates the resolu-
tion, uniformity, and sensitivity to the point where it becomes almost impractical for
imaging. Thus only a limited number of radioisotopes with y energies in the 70-200
keV range have been utilized effectively in nuclear medicine and many potentially
useful radionuclides either have not been considered or are imaged under suboptimal
conditions.
To overcome these fundamental drawbacks of a mechanical collimator, an elec-
tronically collimated SPECT instrument based on detecting a sequential interaction
of the emitted - rays with two position - and energy - sensitive detectors has been
designed by Singh.
1.2 Electronically Collimated Camera system and
its image reconstruction
The mechanical collimator can be replaced with the so called electronic collimation
system which improves both photon detection efficiency and allows the simultaneous
acquisition of multiple views. An Electronically Collimated Camera (ECC) comprised
of a dual position (Germanium array detector) and energy sensitive (NaI array) de-
tection system was proposed by M. Singh [1], [2]. Counts are obtained by detecting
coincident events arising from Compton scatter in the first detector and subsequent
absorption of the scattered photons in the second detector. Using the kinematics of
Compton scattering, the activity is thereby localized on regions defined by the inter-
section of conical surfaces with the object (see Fig. 1-1), and the problem reduces to a
reconstruction of three-dimensional emission images from conical surface projections
of the objects. The reconstruction problems were decomposed into two stages. In
the first stage, pin-hole images (i.e. cone-beam views) of the object, as seen by each
detection element within the Ge array, are reconstructed from the coincident data.
These cone-beam views from multiple angles are then combined in the second stage
to yield tomographic images. The first stage reconstruction involves a deconvolution
of the point spread function (psf) defined by the intersection of the scatter-cone at
a given scattering angle with the sphere centered at the detection cell of first array
detector. As it is shown in Fig. 1-1, the first stage is to collect events pass through
same detection cell in the first array detector and has same energy loss. Those events
form the forward cone, which would have a circular trajectory on the spherical surface
that is centered at the interaction cell of the first detector array (In this case, the psf
is a circle with radius equals to the Compton scattering angle multiply by the radius
of the sphere). At the end of the first stage, a pin hole image on a spherical surface
is obtained for each Ge element. The second stage is the reconstruction of a true
3-D image from cone-beam projections, which is a popular method used in the latest
cone-beam CT and is not shown in Fig. 1-1.
Such detectors have small acceptance limited by the used only two thin layers, and
poor energy, coordinate resolutions limited by the finite size of the discrete detector
elements. In order to increase acceptance, the detector needs to have many layers
or even better, to be a continuous sensitive volume detector such as pressured Gas
Xenon (GXe) detectors.
However, the addition of the third dimension increases the complexity of imaging
reconstruction and increases the number of parameters to be fitted by many orders of
magnitudes, which makes the reconstruction a formidable task. Explicitly, if we apply
the two stage reconstruction method, there will be about (L/a)3 pin hole images,
where L is typical length scale of detector, a is spatial resolution. For L = 10cm,
o = 1mm, it is 106. The number of involved parameters corresponding to 106 pin
hole images are impossible to handle by computers. And also for this method, if each
pin hole image needs 106 counts, a total of 1012 good events are needed, which is
impossible to be obtained in practice. Therefore the development of efficient image
reconstruction algorithms for tomography using Compton Scattering is needed.
Forward
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Figure 1-1: A Schematic Drawing of Electronic Collimation Camera System. There
are two ways to look at the problem. The forward cone is obtained by accumulating
many events interacting at the same detector cell of detectorl with same energy loss;
The backward cone is reconstructed from single compton event by knowing interacting
points and energy depositions in both detectorl and detector2. M. Singh looked the
problem by the first way and we will consider the problem by the second one.
Chapter 2
Continuous media Compton
Camera
2.1 Gaseous Xe X-ray imaging detectors
The developed Compton 7 cameras with continuous detecting medium, such as multi-
layer solid-state micro-strip detectors or high-pressure noble gas detectors, [3], [5],
measuring simultaneously the position of the interacting vertex, the energy released
in each vertex, have better image resolution and require smaller radiation doses due
to larger acceptance by eliminating parallel hole collimators.
A typical gamma camera chamber is filled with purified Xe gas, at pressures up to
40 bar to detect gamma-rays in the energy range of 100-500 keV. Gamma-rays enter
the detector through a 3-5 mm thick aluminum or carbonfiber window and interact
in a 10 cm deep conversion drift gap. The energy lost by a 7 at each interaction point
is converted into fast primary scintillation flash and the release of free electrons. The
primary electrons drift in a parallel field towards a 4 mm wide secondary scintillation
gap, where each electron yields about 500 UV photons under an electric field of about
15 kV/cm across the gap at a pressure 5 bar via a process called electro-luminescence
[4]. These UV photons (A = 150 - 190 nm) can be detected by photo-detectors to
determine the coordinates and energy associated with each vertex. Detectors with
this technique are called SDC (Scintillation Drift Chamber).
Figure 2-1: Schematic diagram of GXe Compton medical imaging detector.
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2.2 Compton scattering mode
The Compton scattering mode refers to the case when a photon, having gone through
one or more Compton scattering, is absorbed by the photo-electric effect. The incident
photons absorbed by the photoelectric effect without scattering and the gamma-rays
scattered in the patient and in the detector window are the background in Compton
scattering analyses.
The main processes of the interaction of 7s in the energy range of 10-500 keV are
photoabsorption with or without fluorescent photon emission, Compton scattering
and Rayleigh (elastic) scattering, also electrons resulted from the 7 photoabsorption
or from Compton scattering can emit bremsstrahlung photons. All these processes
need to be considered in the development of Compton scattering tomography. As seen
from the table, Compton scattering dominates for gamma energy above 300 KeV.
Absorption cross sections (barn/atom) of 7-rays in Xe
energy, keV Photo-absorption Compton I Rayleigh Compton,%
50 2750 23.6 71.6 0.8
100 364 23.5 23.3 5.7
150 112 22.1 11.4 15.1
200 51.3 20.7 6.7 26.3
300 16.9 18.5 3.2 47.9
400 8.1 16.9 1.5 63.8
500 4.7 15.5 1.2 72.4
To reconstruct the original trajectories of gamma-rays. The key point is to mea-
sure the positions and energies of the Compton scattering vertices accurately. In
order to reconstruct the direction of the incident photon, only the details of the first
two interactions are needed. In Fig. 2-2, if the original 7 collides at a point A (with
coordinates xl, yl, zl), resulting in the production of Compton scattered 72 with
energy E2 at an angle 0 with respect to the original 7 direction, and a recoil electron
el with energy El, and the 72, in turn, collides with another atom at a point B (with
coordinates x2, y2, z2), resulting in 72 being photoabsorbed at point B, the Compton
scattering method determines the angle 0 in terms of the measured energy E, and El
as defined in by :
0 = cos-[1 - mE (2.1)
E,(E, - E l) '
where 0 is the Compton scattering angle relative to the line joining the interaction
points A and B and E, = E + E2 is the energy of incoming y-ray. Thus the original
7-ray direction lies on the surface of a cone with the axis defined by the line AB and
the opening angle 0 determined above. The thickness of the cone, typically about 10,
is determined by the accuracy in the determination of the reconstructed scatter angle
and the line AB.
X
B(x2,y2,z2)
Figure 2-2: Geometry of Compton scattered photons. A Compton scattering at
position A followed by a photo-electron absorption at position B. The measured values
of (x, y, z) and E at each vertex are used to reconstruct the energy and direction of
incoming y's.
The fraction of useful Compton scattered events, is dependent on the chamber
working volume sizes and the Xe pressure. Usually it is optimized corresponding to
E
2
y source energy. For 140 keV ys it is about 0.5-2.5% in a typical chamber of 20
atm and 20cm thickness. For 300 keV ys it may be as high as 20%. Using proper
triggers of requiring full energy and at least two vertices, one can greatly increase these
percentage of useful events among the events actually registered by the detectors.
2.3 The Compton events, errors, uncertainty
The Compton scattering tomography is to reconstruct the radiation density of the
source, or the image of the source, using detected events of elastic scattering of -- rays
on loose electrons, or the Compton events. At the point of scattering with position
vector "i, the recoil electron gets the energy El, related to the scattering angle 0 by
El = Eo - m/(m/Eo + 1 - cos(6)),
where Eo is the energy of the incident photon and m is an electron mass.
The recoil energy, El, produces a cloud of pairs of free electrons and respective
positive charges (ions or holes, depending on the detection medium). The number of
pairs is Np = E/lei, where ei is an effective ionization energy. Measuring Np, and
knowing ei from calibration experiments, we estimate El. Since Np's fluctuations are
proportional to /Np, the statistical part of the standard error of El can be written
as
0E -C E0 E1 ,
where the dimensionless factor C depends on the quality of the detector. Factor C is
about 1-2% for gaseous Xe detectors [1].
The scattered photon eventually is absorbed at another point with position vector
X and releases its energy E2 = Eo - El. If EO is several times smaller than m (the
usual case), E2 is almost always much greater than El. The relation El + E2 = Eo is
used to check if the process is indeed elastic. The vector ' - 35 gives the direction of
the scattered photon. In case of Xe-detectors, the vertices are measured with typical
accuracies better than 1mm, and the distance I ' - -j I of useful events is of the
order of 3-5cm. The knowledge of El, 4, ' limits the region of possible emission
points of the photon to a conic shell with the axis pointing along 42 - 4• and a cone
opening angle 0. Since measurements have limited precision, the conic shell has a
finite thickness, growing with distance from the point at xl. The information about
the direction of the incident photon, extracted from measured E, F, is referred to
'electronic collimation' (Chapter 1.2).
From the point of view of the image reconstruction, the usefulness of an event (its
selectivity) is inversely proportional to the volume V of the emission region which
is the intersection of the conic shell with the radiating object. Clearly, this volume
grows with distance from the object to the first vertex, so there is little reason to
make the detector much thicker than the size of the object plus the radiation length
of the photo absorption. In the examples below, the object was assumed to fit into 20
cm cube, and the detector, to be the cylinder with the height 10 cm and the diameter
25 cm.
The volume V of the emission region of an event determines the uncertainty factor,
which is responsible for the the noise amplification. Let the object be split into a
number of pixel-cells (voxels) of volume v, and the reconstruction tries to estimate
the number of photons emitted from each cell. If the cell size is smaller than the
thickness of the emission region, the ratio
U = V/v
is the number of cells that compete for the birth-place of the photon for the Comp-
ton event. Generally, the greater the average uncertainty is, the more difficult the
reconstruction will be, and the greater the statistical noise in the image will be. The
emission region and, hence, the uncertainty in the case of 'electronic collimation' is
much greater than that of the single-photon tomography using parallel hole collimator
to select the photons orthogonal to the detector window. If no additional measures
to reduce the uncertainty are taken, the 'electronic collimation', though it has much
better 'acceptance' than the usual one, will have modest advantage. The development
of image systems with adequate properties to reduce the uncertainty, which makes
the Compton tomography very promising, is the essential part of this thesis.
2.4 Coordinate resolution
The three-dimensional coordinates of a 7 interaction point are determined as follows:
The coordinates transverse to the drift direction are derived from the centers of gravity
of the signal in the photodetector array and their accuracy is limited by three main
factors:
1. The finite range of the photoelectron, which depends on the Xe pressure, typi-
cally around 1mm.
2. The distribution of UV photons detected in the photodetector.
3. Statistical fluctuation of the amplification process.
The measured transversal coordinate resolution as described in paper [3] is 1.8 mm
(FWHM) for 60 keV 7s at a Xe pressure of 4.5 bar.
The resolution in the third (drift) dimension is derived from the time elapsed
between the primary and secondary scintillation pulses and is also a result of three
factors:
1. The finite size of the primary electron cloud.
2. The diffusion along the drift gap.
3. The finite width of the secondary scintillation light pulse caused by the diffusion
and by the size of the scintillation gap itself.
The measured coordinate resolution in the drift direction as described in paper [8] is
1 mm (FWHM).
The measured coordinate resolution for fiber readout system is even better: be-
ing 0.4 mm (FWHM) for transversal (fiber) coordinates and 0.2 mm (FWHM) for
longitudinal (drift) coordinate at a gas pressure of 20 bar as presented in paper [5].
2.5 Energy resolution
The energy resolution of SDC detectors is dominated by three factors:
1. the statistics of the primary electrons in the Xe gas, characterized by the Fano
factor.
2. the UV-light collection and conversion efficiency.
3. the statistical fluctuation of the photoelectron amplification process.
The statistical fluctuation of the primary electrons limits the accuracy of the
energy measurement via an expression:
dE/E = C vf, where E is the energy released in the interaction point.
For 60 keV ys, the theoretical energy resolution due to statistics in a Xe SDC
is 1.8%(FWHM) [3], while the experimentally measured over-all energy resolution is
4.1%(FWHM) using CsI photo-cathodes [3] 3.6%(FWHM) using PMT [4]. Both ex-
perimental energy resolutions are significantly better than that of crystal(NaI, BGO)
detectors.
2.6 Significant of counts and Resolution
Different definitions of resolution are convenient in different cases. In case, when the
image is reconstructed as an array of radiation amplitudes from discrete pixel-cells,
the simplest resolution-relevant question is: can we distinguish the cells having the
(radiation) amplitude X times larger than the adjacent ones?
If we were able to register photons separately from each cell, we could estimate
(without any reconstruction procedure) the cell amplitude ak by the number of pho-
tons Nk emitted from the cell k. The estimate Nk has the relative accuracy 1/VfNk.
With 5% risk to be wrong, we may conclude the amplitudes to be different, if their
estimates differ by 2 standard deviations or more. Then, the minimal number of
photons sufficient for the distinction is a solution of the equality
(X- 1)Nk= 2V (X + 1)Nk)
which gives Nk = 4(X + 1)/(X - 1)2. Hence, if anywhere within the 100 mm cube, we
want to find one 1 mm cell, which is 20% more bright than the rest, then Nk = 220
and we need about 2. 108 photons registered. This number grows as 1/vk, or the cube
of the inverse cell dimension 1/d.
The uncertainty increases the required number of photons. Suppose that the
emission regions for each photon is found and the uncertainty factor is U. Consider
N cells having the radiation amplitudes ak. Each cell k enters into several emission
regions. The expected number Rk of such regions for the cell k is
Rk = ak/U + Ejkaj(U - 1)/(N - 1)/U.
The actual entrance number Rk will fluctuate with the standard deviation V/R-k.
Consider again the case when we want to distinguish one cell with amplitude al = Xa
from others with amplitude a. Making summations, we obtain the expected entrance
numbers
R1 = Xa/U + (U - 1)a/U = a + (X - 1)a/U,
R = a + (X - 1)(U - 1)/(N - 1)a/U.
If N is large, the second term in R is small and can be neglected. Then, comparing
with the case U = 1, we see that the difference between the numbers that we want
distinguish, decreased U times, namely changed from (X - 1)a to (X - 1)a/U. Hence,
the ratio of the difference to the statistical error becomes worse V/- times, In another
words, the noise is v/- times worse. To distinguish cells with different amplitudes with
the same certainty as before, the number of registered photons should be increased
U times.
Combining this with what was described in chapter 2.3 about the resolution and
the expression of U for small cells, we see that if we try to distinguish amplitudes of
smaller cells, the statistics required would grow as 1/v 2 or as the 6th power of the
inverse cell dimension 1/d. For cells greater than the thickness of the emission region,
the required statistics depends less strongly on the cell size: as 1/d5 for shell-like
regions and 1/d4 for rod-like regions. For this reason, the resolution better than the
average thickness of the emission region is very difficult to be achieved by the sheer
increase of statistics. This is why a approach with proper collimation is preferred.
2.7 Image destroying backgrounds
There are two kinds of backgrounds competing with real Compton scattering events
(Fig. 2-3):
1. Non-Compton events with similar signatures such as the secondary( fluorescent
or bremsstrahlung) ys.
2. Real Compton events with scattering in human tissues or detector materials. (
windows, electrodes etc.)
Even after data filtering, part of non-Compton events unavoidably leaks through,
and their percentage may constitute up to 15% of all selected events.
In the case of elastic (Rayleigh) scattering of the primary or secondary -s, followed
by Compton scattering, the features of the resulting event is the same as the pure
Compton events and no energy filtering procedure can be applied to decrease such
background. The percentage of such events may constitute up to 15% depending on
y energy and GXe working volume thickness.
The final suppression of these backgrounds is the responsibility of the reconstruc-
tion program. The method of image reconstruction should be resistant to the contam-
ination of the data by various non-Compton events and to the statistical and other
errors in the measured values.
Also, the 7 may be scattered and loses part of its energy in the human tissues
and in the metallic window of the chamber before the scattering in Xe. If the energy
loss is small or the scattering is elastic, the energy filtering will not notice it. So
the point of where the 7 was scattered would be treated as a real source point for
the reconstruction procedure. If no counter-measures are taken in the reconstruction
method, the image of the source will be surrounded by a large halo, which limits the
resolution and produces "ghost" images.
The scattering in the tissues is unavoidable. Its negative effect, existing not only
for the Compton tomography, but also for any kinds of tomography with 7-rays, limits
the resolution. However, in the case of the Compton tomography, it combines with
the one-parameter uncertainty of the emission direction and needs special care.
Classification of essential types of y interaction events
in a Om~ on cameraefGXe (20 bars) and1mn tides
PHOTO
Figure 2-3: Interaction of the low energy -y with Xe.
Selection criteria
(off-line)
Two vertices events Three vertices events
1. Eto•a = (140 2.5 ) keV or 1. Etoal = (140 2.5 ) keVEtotal = (109 6 )keV
2. For one vertex E >80 keV
2. Noone of vertices have + for other vertices
energy E = (31 + 6) keV 25<E<37 keV and E<25 keV
3. Distance between vertices 3. Distance between some of
d 2 20 mm two vertices d > 20 mm
Figure 2-4: Block diagram of 7 interaction event types classification.
Number
of
vatices
1
2
3
4
Chapter 3
Simple Geometrical
Reconstruction
The purely geometrical reconstruction is to reconstruct the image by accumulating
the weights of the intersections of cones with image space directly. Namely, we select
an image space and discreet the space into many small cells. For each events , we
assign a equal weight to each of the cells that the cones interact. After adding up of
contributions from all the cones, the high intensities area gives source location. The
method is illustrated in Fig. 3-1.
Although this procedure can go further by iteration. That is, after first recon-
struction, we know approximately the intensity distribution of radioactivity. Then
we do the backprojection again and assign different weights to cells the cone crossed,
based on the source intensities obtained in the previous step. This process can im-
prove a little bit of image quality, see Fig. 3-2. However, the purely geometrical
reconstruction method ignores the interrelations between data, errors of the data and
does not take account on any contamination or background, so it can not handle
complex data and complex objects.
Figure 3-1: Principle of Simple Geometry Reconstruction of a point source. The
source point can be indicated by the intersection regions of cones.
Figure 3-2: Simple Geometry Reconstruction of two point sources, Left: after first
backprojection. Right: after 10th backprojection. Image slightly improved after 10
times backprojection.
Smple Geormetical Image R•construion, 10th Ba·kprojeoon
n)
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Chapter 4
Image Reconstruction Method I:
Slit Collimator with Inverse
Radon Transform
One approach to solve this problem is to follow the traditional way, that is, to convert
3D image reconstruction problem into several 2D slices image reconstruction and to
reconstruct 2D images from 1D projections. To fully use the Compton scattering
information, we used a 1D slit collimator which serves as a soft cut to enable us to
obtain projections and to separate 3D image space into 2D slices at the same time.
A slit collimator system is shown schematically in fig 4-1, it is composed of a lead
shield with slit openings.
4.1 Obtain projections from Compton scattered
Gamma with slit collimator
The traditional way of 3D imaging reconstruction is to reconstruct 2D images from 1D
projections and to pile up 2D images to obtain a 3D distribution. The essential point
is to separate 3D space into 2D slices and obtain 1D projections for each 2D slices. A
slit collimator combined with Compton angle information fits the purpose perfectly,
Detector System
Figure 4-1: Schematic of Slit Collimator Detection System.
by dividing 3D space into 2D slices and offering 1D multiple view projections at same
time.
The separation of 3D space into several 2D slices is obvious as long as we optimize
the slit openings d2 and thickness dl. The projections are obtained as following: The
Compton scattering angle restricted 7-ray on a cone surface, and the cone intersects
with slit openings and has been cut into into rays. Then we assign proper weight
to each ray by geometrical analysis, approximately proportional to the solid angle.
Or we can used a soft cut via software by restricting the cone to have more then 45
degree interaction angle with slit, in this case, we obtain a single ray. In any cases, we
would obtain y- rays with certain directions, and the collection of 7 rays within the
same slice would give us the projections of different angles at the same time. We then
can reconstruct 2D images by inverse Radon transform which is going to be described
in the following section.
The slit collimation Compton camera system has a 100 times larger geometric
acceptance than that of parallel hole collimation system because it has opened one
degree of freedom of the two fixed transverse degrees.
4.2 Radon transform and 2D image reconstruc-
tion from projections
A well known and popular used mathematical model of the image reconstruction
algorithm is 2D Radon transform [9].
p(s, 0) dlf (xm, y)
p(s, ¢) - f dlf(s * cos(q) - 1 * sin(O), s * sin(O) + 1 cos(q))
Where p(s,¢) is the projection, f(x,y) is source distribution in SPECT case and is
the attenuation coefficience in transmission tomography situation.
This model assumes that several effects are either corrected or neglected, such as
* finite detector resolution.
* data sampling.
* scattering.
* attenuation (in SPECT and PET).
* patient motion or tracer redistribution during acquisition.
The central slice theorem states that:
P(S, ¢) = F(S * cos(q), S * sin(q))
Where P is the 1D Fourier transform of the projection p; F is the 2D Fourier
transform of the image f.
p(s, )
Figure 4-2: Schematic diagram of 1D projection of 2D objects
This is the basis for the inversion of the Radon transform, and it can be easily
verified. The inversion of the 2D Radon transform gives 2D image:
f(x,y) =J0
0-0
+oodX 0-odYe 21i(xX+yY) * F(X, Y)
= j2r dq j dSS * e+2ri(x cos +y sin )SF(Scos 4, S sin 4)
= d27 +oo0 fio
o
2 r
= dpF(x cos + y sin(4), 4)
Where the filtered projections are:
ISle+2r i (x cos (O)+y si n ( ) )S P(S, I)
pF(S, $) = + dSISle+2,isSP(S, ) -= p(S - s, q) * h(s)
and h is the convolution kernel defined as a distribution by:
h(s) = J dSISIe+2~'is
Which is the inverse Fourier transform of the ramp filter ISI.
This is the basis for filtered-backprojection algorithm. The filtered backprojection
algorithm can be executed by:
Step 1. 1D Filtering of each projection (0 fixed)
pF(s, ) = + dSISIe+2 risSP(S, ¢) = (p * h)(s)
Step 2. Backprojection: sum all lines through point (x,y)
f(x, y) = o dPF(x cos + y sind , )
It is the method used by most X-ray CT, SPECT and PET scanners.
Its numerical implementation: Reconstruct f(iA x, jA y) from p(kA s, mAq),
where Ax , Ay are pixel size, As is radial sampling, A0 is the angular sampling.
step 1: 1D discrete convolution (for each projection m = 1 .. M)
K
pF(kAs, mAB) = As E p(kAs, mA¢b)hw((K - k)As)
k=1
where k = 1... K
step 2: Discrete backprojection
M
f(iAx, jAy) = A E pF(iAcos(s,A ) + jA sin(mAq), mAq)
m=O
with 1D linear interpolation to obtain PF(s, m A ¢) from the sampled values at
s=kA s.
The algorithm is simple and efficient, it takes about 50 lines of Fortran.
Usually, the discrete convolution kernel is obtained by multiplying the ramp filter
by a low pass filter W(v):
hw(s) = J dvulvW(v)e +2 ri sv
4.3 Image reconstruction from projections
With one dimensional slit collimator, the three dimensional object being-imaged is
divided into different two dimensional slices. On each slice we use filtered inverse ray
sum technique based on the Central Slice Theorem (Radon Transform) to reconstruct
the image of the object which is represented by the density distribution of the ra-
dioactive isotopes absorbed by the object. After piling up individually reconstructed
slice images and applying appropriate interpolation between adjacent slices, we can
eventually realize three dimensional imaging of objects.
A reconstructed images of 2D ring with 3cm diameter are shown in Fig. 4-3, and
Fig. 4-4. It is assumed that dl = 1mm, d2 = 3mm and the data can be obtained
from 2 7r angle either have four detectors located at 0, 90, 180 270 degree around the
object, or have a single detector rotated at the four positions.
This method has the advantages of fast reconstruction and can be easily adapted
to conventional software. The disadvantages of this method is very hard to put
error corrections, no account of statistical error. So we have not pursued further for
more complicated objects, To fully use of the information contained in the data, we
considered a more general method which is based on mathematical statistics. It will
be elaborated in the next chapter.
Figure 4-3: Reconstructed 3cm diameter ring image by slit collimator, top view.
Figure 4-4: Reconstructed 3cm diameter ring image by slit collimator
0.24
7.68
5.12
2.56
0
-2.56
-5.12
-7.68
10.24
-12.8
-10 -5 0 5 10
image from projection
image from projection
-
Chapter 5
Image Reconstruction by
Adaptive Maximum Likelihood
5.1 Earlier studies
The use of the detection of 7s, emitted by a radioactive substance distributed in
human body, for the reconstruction of the images of inner structures of human body
was discussed in literatures for more than ten years. The mathematical difficulty is
that the detection of points, where a y is scattered or absorbed, does not allow to
find an emission point, but selects some regions in space, where the emission point
might lie. In order to find an image of the source distribution, one has to analyze the
intersections of these regions, as it is done in the transmission tomography, while in
the case of emission tomography these regions are larger and more complicated.
The analysis of intersections of regions, or, in simplified case, of rays, is usually
reduced to solve large number of linear equations. Similar equations arise, when one
tries to sharpen the blurred image. In both cases the solution is sensitive to fluctu-
ations and requires huge computer resources. The relevant procedure was optimized
by B.R. Hunt [11], who added terms smoothing statistical fluctuations and used a
special 'circular' structure of relevant matrices.
An important step toward solving the reconstruction problem in the emission
tomography was done by L.A. Shepp and Y. Vardi [12], who proposed to use the
Maximum Likelihood (ML) principle to reconstruct the image from the detected an-
nihilation -ys. Though they used simplified likelihood function L, they demonstrated
that ML method is able to reconstruct an image. To maximize L, Shepp and Vardy
used a version of the so-called EM algorithm.
The emission tomography in the case of the Compton scattering is mathematically
more difficult since the Compton scattering event doesn't select a narrow tube in
space, but a cone of variable opening angle and thickness. ML method for this case
was formulated by T.Hebert, R.Leahy, and M. Singh for discreet system[14](Chapter
1.2). They split the problem of 3D reconstruction into 2 steps where the first step is to
reconstruct 2D pinhole images of the - source at the plane of the second detector or on
a sphere centered at the first interaction point, and the second step is to reconstruct
the 3D distribution of the source from 2D pinhole images, and considered ML for the
first 2D problem only.
For this 2D reconstruction, they used polar raster with 33x128 elements and ob-
tained images of the round 2cm spot using 15 - 45,000 events. The images contained
specks of the size about 4-5 mm. The improved EM algorithm, adjusted to the polar
case, converged after about 9 iterations.
5.2 Present Method
As described in Chapter 2, the Compton scattering tomography by means of the Xe-
filled chambers, may give much better images, since the chambers have large sensitive
volumes and better energy and spatial resolutions. However, this kind of tomography
requires more powerful reconstruction method, since the scattering and absorption
vertices may be detected anywhere in the sensitive volume, the selected cone may have
any opening angle, and to obtain high resolution images one has to take into account
the scattering of ys in the tissues around the source and many physical processes
accompanying the Compton scattering in the chamber.
To reconstruct the image of the radiating source, using Compton scattering events,
the method of maximum Likelihood (ML)is used in its original, most powerful form.
In case of 2mm resolution, it requires the maximization of the nonlinear L-function
over 105 to 106 parameters - radiation amplitudes in elementary cells. This is a
formidable task even for nowadays' advanced computer. We developed an adaptive
ML method to overcome this computational problem by two tools:
1. Adjustable cell size: large cells in the background area of the source and small
cells in the tumor area. The method is especially efficient in case of small
tumors.
2. A new maximization procedure suitable for large number of parameters. This
will be discussed in Chapter 5.7.
Let's represent the probability density of the ith event in a continuous detec-
tor/sources as:
Pi= p(i, y, a)a(y)dy, (5.1)
where y is the source emission point; a(y) is the source density distribution; p is a
function of a(y) and ~i = {x1i, Eli, x 2i, E2i}. The Likelihood function to find N events
Ei, i = 1, N without other events is
P = II P exp(-J Pid), (5.2)
where de = dx1idE1 idx2idE2i. The exponential term can be written as
exp(- J a(y)h(y)dy), (5.3)
where h(y) is the total efficiency of the detector to register a Compton event from
the point y:
h(y)= Jp(E, y, a)de (5.4)
The logarithm of P is:
L =In P = In P - J a(y)h(y)(dy). (5.5)
In the simple cases Pi(a) = Pji(a), so
L = PlI - a(y)h(y)dy + Ls(a), (5.6)
where the "punishing term", L,(a) = In b(a), reduces L for rough a(y):
Using mean density amplitudes ak = fcelk a(y)dy in pixels:
L = E In(- p ak) - E akhk + NS(al,..., ak), (5.7)
i k k
where
p = 1 p(ei, y, a)a(k)dy = (C/(y - x)2 )(exp - (sina - sinO)2/(2a 2)), (5.8)ak cellk
hk = h(y)a(y)dy. (5.9)
Even if the number of the Compton events is very large, the function L retains its
typical 'low-statistic' structure [3]. The physical reason for this is that the detector
is continuous and has a large (compared to coordinate accuracy) sensitive volume, so
events are unique and no reasonable averaging over similar events can be done.
There are some distinctive features of the presented method. Some of them we
have already seen, the others will be elaborated gradually in the later sections. The
unique feature of the present method include:
1. Each Compton events enters the Likelihood function separately, no summation
leading to the Poisson distribution is made.
2. Only the estimates ak maximizing L with computer accuracy are used (no mid-
way values are considered).
3. The algorithm is adaptive. It starts with small number of large cells and divides
Source
Figure 5-1: Geometry for AML method
them into smaller cells while such division is statistically supported. The cells in
which too few photons are registered are not divided any further and their ampli-
tudes are dropped out from the list of amplitudes over which the maximization
is made. In case where most of the object volume has low radioactivity, the
adaptivity reduces greatly the uncertainty and allows quickly to find the 'hot'
region. More complicated adaptivity, taking into account gradients of activity
distribution, is now in development stage.
4. A special maximization procedure ( replacing routine ML algorithm) is devel-
oped, which is continuous, doesn't use matrix inversion, takes into account of
the positivity of the unknown intensities and limited accuracy of experimental
data. See Chapter 5.7.
5. The a priori information that the distribution of activity is smooth except, pos-
sibly, at the borders of small number of regions, is included into the Likelihood
function via the term L,. It diminishes the noise amplification and makes it
smaller than the uncertainty factor U (Chapter 2.6).
6. The background physical processes accompanying the Compton scattering and
the scattering of ys in the human tissues and in the detector material can be
taken into account by the elementary probabilities pk, therefore, the images
obtained by ML do not need further corrections for absorption, scattering, and
so on. This will be elaborated in chapter 5.6.
7. 3D images are reconstructed directly without intermediate 2D steps.
5.3 Perforated Screen
The features 5 and 6 of the ML method reduce the noise, but cannot improve the
resolution. For the detector accuracy mentioned in 5.10.1, the average thickness of
the conic shell and the resolution remains in the range 8-10mm. The radical way to
improve the resolution and to diminish the uncertainty is to place a perforated screen
between the detector and the object. The screen should be black for the 7-photons
and let them pass only through relatively small holes.
Such screen, if its parameters are properly chosen, will cut the conic shells into a
small number of rod-like rays and reduce the uncertainty to about the same level as
in the single photon tomography with ordinary parallel hole collimator. However, the
acceptance (transparency) of such screen, typically about 3%, is still two orders of
magnitude better than that of the ordinary parallel hole collimator (typically about
0.7 10- 4 ). Rigorously speaking, the rest of the collimation job is done by the 'elec-
tronic collimation' which has 100% acceptance. If one takes into account that only
a few percent of photons give the useful (well-distinguishable from all other physical
processes) Compton events, the acceptance advantage of the Compton tomography
with screen over the single photon tomography will look more modest, just a few
times better. But still it gives a significant reduction of the radiation dose for the
patients.
Most important, the screen, reducing emission regions to thin rays, greatly im-
proves the resolution. If the holes are smaller than the accuracy of coordinate mea-
surements in the detector, the resolution becomes approximately equal to this accu-
racy (fractions of mm). However, such small holes are not technically possible (the
screen should have 2-3 mm thickness to be sufficiently black). The holes of smooth
profile having the neck with the diameter 1.5-2.0 mm are more realistic. Such holes
lead to the resolution of 2-3mm in FWHM, which is 3-4 times better that of conven-
tional single photon tomography.
It may seem that the use of perforated screen, reducing the number of photons N
coming to the detector, and hence reducing the statistics, should increase the noise.
However, the screen (if its parameters are correctly chosen) reduces the uncertainty
approximately by the same factor, which decreases the noise. As a result, the noise
is not changed much by the screen.
Besides the improvement of the resolution, the perforated screen reduces greatly
the number of (about 100 times) the Compton events that should be registered and
processed . The overall reduction of reconstruction computations due to the screen
is more than 103.
To make a fair comparison of the noise level and resolution for the 3 kinds of
detectors :
* A: Compton camera without a screen collimator;
* B: Compton camera with a screen collimator;
* C: Idealized Anger camera with a parallel hole collimator.
We have reconstructed images of a 3cm diameter thin (3-D) ring. The ring was
placed at the center of a 20cm 3 object volume in the XY plane. For detector A and B,
four positions of the detector around the object were assumed (in each position 1/4
of the total number of events was collected). For detector B, the perforated screen
was placed 10 cm away from the detector, and the screen holes were in honeycomb
pattern. They had hexagonal shape with 1.6 mm in diagonal separated by 8mm from
each other. For detector C, the word idealized means there are no background events
due to scatters either in tissues, in the detector, or in the collimator, i.e, it is a perfect
detector with a spatial resolution of lcm(FWHM).
In the reconstruction, we assumed all three detectors covered the same solid angle
and used same number of photons emitted by the source inside this solid angle. We
have used a total of 4x106 7-rays emitted inside this solid angle towards each of the
detectors. For detector A, i.e, Compton camera without the screen, there were about
200,000 reconstructed Compton events since the Compton scattering branch ratio is
about 5%. For detector B, i.e, Compton camera with screen collimator, there were
6,000 reconstructed events since the screen has an acceptance of 3%. For detector C,
i.e., the idealized Anger camera, there were 300 events since a typical parallel hole
collimator has an acceptance of 7.5x10 - 5 . The reconstructed images for detector A,
B, and C are shown in Fig. 5-2 a), b) and c) respectively. As they are shown in
the Fig. 5-2, both detector A and B have a better spatial resolution and lower noise
than that of detector C. So both detector A and B have a better image quality than
detector C.
The perforated screen can be considered as a new kind of collimator differing from
the traditional ones by the much (about a factor of 300 times) greater acceptance and
via the replacement of the angular selection by the spatial selection. The Perforated
screen looks like a screen with multi-pinhole array placed between the radiating object
and the detector with certain gap between the screen and the sensitive volume.
The optimal perforated screen should have these specific features:
* The screen is made of a well-photon-absorbing material (e.g. W, Pb or U)
and thick enough to absorb more than 90% photons hitting it between holes.
(Comment: Thickness about 2 mm is typical.)
* The diameter of holes is close to the thickness of the screen. (Comment: Smaller
holes lead to better resolution, but oblique photons from the object will pass
through the holes. The hole neck diameter about 1.5 mm and the surface hole
diameter about 3 mm are typical).
* The pattern of holes is different from the pattern of cells (pixels) used in the
reconstruction and the rows of holes and cells are differently oriented. (Com-
ment: The patterns should be different to avoid wave-like modulations of the
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Figure 5-2: Reconstructed images of "thin" rings of 3 cm diameter by: a) SDC
Compton Camera without Screen collimation b) SDC Compton Camera with screen
collimation, c) An idealized traditional Anger camera. The size of the box in the
figures is proportional to the intensity at that location. For the same number of
emitted -y rays, both a) and b) have a better image quality than that of c).
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image caused by the interference of patterns. If the cell pattern is orthogonal,
the hole pattern may be triangular, honeycomb-like.)
* The edges of the holes are smooth, their shape close to the shape of the inside
of a torus. (Comment: Such shape gives the smallest possible area of the semi-
transparent part of the screen that may produce the undesired background of
scattered photons.)
* The distance between holes is several times smaller than the average distance
between the screen and the point of the Compton scattering in case when the
Compton scattering detector is used. Distance about 8mm is typical.
* The distance between holes is of the order of the double average distance be-
tween the screen and the point of photon absorption in case when ordinary
(single-photon) detectors are used. (Comment: Such distance makes the choice
of the hole through which the photon could pass unique for most photons.)
* Geometrical acceptance is about 3%.
The perforated screen also diminishes the noise amplification by the reduction of
the multiplicity of possible voxel, which will be discussed next.
5.4 Reduction of noise
Every reconstruction method amplifies the original statistical (Poisson-distributed)
noise of the photons emitted from the object cells. This amplification is the direct
consequence of the fact that the registered events can only give the information that
the photon was emitted from a specific region (in the case of the Compton events,
from some cone in space) containing a number of pixel-cells (this number is called
multiplicity number). The noise amplification, if no counter-measures are taken, is
roughly equal to the multiplicity number, and may be several times worse if the
reconstruction method loses part of the original information. The best method, that
does not lose any information, is the Maximum Likelihood Method [11]. For the case
of Compton events, it was formulated in [12].
The earlier attempts to use ML method for the Compton tomography reconstruc-
tion were only partially successful [10]. As it is in the usual situation, during the
successive approximations leading to the maximum of Likelihood function L, the im-
age first is improving, then starts to be more and more noisy. To catch the best
intermediate image, empirical stopping rules were proposed [17].
Clearly, intermediate images do not correspond to the maximum of L, but to some
point half-way to the summit of L. So, such method would be more correctly called
'Medium Likelihood'. The most likely explanation why the 'Medium Likelihood'
method works is as following: The image contains components of different spatial
frequencies. When L is being maximized, the low frequency components usually
converge to their limits faster than high frequencies. So, if the maximization is
stopped in mid-way, the high frequency components remain close to their initial zero
values and high-frequency noise is suppressed. This implicit filtering is dependent on
the maximization method and difficult to control.
In the literature, there are three methods mentioned for noise-suppression.
1. Method of interruption of computations
In this method, the successive approximations, heading for the maximum of
the Likelihood function L, are stopped before the maximum is reached. This
method has little theoretical backing and is based on empirical observation that
the final reconstructed image corresponding to the exact maximum of L is more
noisy than some intermediate ones. The "stopping rule" depends on the choice
of the initial approximation and many other factors. Our view on this method is
that it is a hidden filtering of high-frequency part of image. Most maximization
methods converge first in the region of low spatial frequencies, so at some stage
of maximization, the low frequency part of the image has already converged,
while the other part, containing most of the noise, is still close to its small initial
value.
2. Filtering of images
The Fourier filtering is applied usually to 2-D projections to suppress the high
frequency part of the obtained spectrum, and then backward synthesis to obtain
image. The filtering improves the pictures, and has the advantage of flexibility
(same image can be tentatively filtered in different ways), but has as well several
disadvantages.
First, it disregards the different statistical accuracies of the intensity estimates
and completely loses the information about the correlations of the estimates of
the cell amplitudes. Due to this loss, the noise reduction by filtering leads to
greater loss of the resolution than it is necessary.
Second, it is computationally costly to make filtering in a 3-dimensional spher-
ically symmetric way (it would require the computation of the huge number
of harmonics). So, it is usually applied to 2-dimensional slices. This means
additional loss of information and certain distortions of the image.
Third, the handling of high-frequency harmonics is made twice: during the
reconstruction the small details are found, then, during filtering, they are ex-
tracted and thrown out.
This method may be useful as an option for occasional use.
3. Method of smoothing terms included into the Likelihood function
Theoretically, it is the best method since it directly uses the a priori information
that the distribution of radiation activity must be smooth except, possibly, for
the borders of small number of regions. The a priori information is introduced
in L in the form of some function of pixel amplitudes, diminishing L for rough
images [12]. It is important to note, that this method is not equivalent to
filtering and may suppress noise without the loss of resolution. This is because
it takes into account the statistical correlations of the estimates of the pixel
amplitudes, while the Fourier filtering ignores the correlations. The correlations
contain as important information as the pixel amplitudes, and their automatic
inclusion into L preserves resolution, if the noise suppression is not excessive.
We developed the method of smoothing terms for 3-dimensional case. The choice
of the smoothing term L, is a compromise between several requirements.
1. Function L, should be close to spherically symmetric.
2. Function L, should not increase the nonlinearity of L and handicap its maxi-
mization.
3. Its effect should be independent of the size of the object, of the size of pixel-cells,
of the statistics accumulated, and of the level of the signal.
4. It should not require much additional memory.
5. It should be easy to calculate.
The inclusion of the smoothing term L, into the Likelihood function guarantees,
that all the available 3-dimensional information including the statistical correlations
of the amplitude estimates is used efficiently, and the smoothing is done during the
reconstruction. The calculation of the smoothing term does not increase the recon-
struction time, on the contrary, the smoothing term helps the maximization of L and
diminishes the overall reconstruction time. However, it is not flexible, to see what
a different smoothing will give, one has to repeat the reconstruction from the very
beginning.
In principle, the smoothing may not affect the resolution at all, if the a priori
knowledge about the piece-wise smoothness of the radiation distribution is accurately
reflected by the function L,. The simplified expressions for L,, tested so far, did not
include the analysis of the boundaries and lead to some loss of the resolution, if the
noise is strongly suppressed. The smoothing term assumed has the form:
Ls = -Sm E Wk(ak 2- k)2,
k
where Sm is the strength coefficient and dk is the average amplitude of all the cells
touching the cell k. The weights wk take into account the statistical accuracy of the
amplitudes.
We have compared the reconstructed images with the smoothing of various strength:
0, 0.5 and 1 in Fig. 5-3, 5-4, 5-5, 5-6. The object was 4cm-4cm thin pad, divided
evenly into two zones, right half has the radiation intensity twice bigger than the left
one. Only a few dozens of photons was registered from each cell, so the noise was
significant. Fig. 5-6 shows the reconstructed images with the smoothing strength
S, = 1, which is almost as good as the initial distribution of the photons emitted
from the cells (and registered by an ideal detector). One conclude that the smoothing
applied with the strength Sm = 1 suppresses almost totally the noise amplification
due to the uncertainty.
Noise-suppression factor
The choice of the noise-suppression term depends of the expected smoothness
properties of the image. Several different choices of the noise-suppress terms corre-
sponding to different smoothness assumptions were tried in the preliminary tests. It
was found that the assumption that the relative roughness of the radiation density is
uniform gives the best results at low computational costs. It was found as well that it
is important to take into account all the voxels adjacent to the given one, even those
that touch corner-to-corner, to preserve spherical symmetry of the smoothing.
The noise-suppression term dL in the logarithm of the Likelihood function, corre-
sponding to the above observations, can be written as
Lful- = Lo - Lsm,
Lam = Sm * Z(ak - ak,average)2/o;
k
dL = -Sm * E((d(k) - t(k)) * v(k)) 2/((Amin + d(k) + t(k)) * v(k)),
k
where d(k) is the radiation density in the voxel k of the image, v(k) is the volume
of the voxel (so that d(k)*v(k) is the estimated number of photons registered by the
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Figure 5-3: Generation, a 4cm x 4cm pad was divided evenly into two regions, with
right half has radiation intensity twice bigger than that of left half. Noise Amplifica-
tion A =- 1.
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Figure 5-4: Reconstructed with S, = 0.0. Noise Amplification A = 3.8.
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Figure 5-5: Reconstructed with Sm = 0.5. Noise Amplification A = 1.53.
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Figure 5-6: Reconstructed with Sm = 1.0. Noise Amplification A = 1.41.
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detector from voxel k). The value t(k) is the average radiation density of the voxels
touching the voxel k at least at one point (in case of equal size voxels in the middle
of the image each voxel touches 33-1=26 other voxels).
If amin=0, the denominator in the k-th term is the estimation of the average
value of the nominator in the case, when the difference of densities arises due to the
statistical fluctuations only. The relatively small positive number Amin is added as
a precaution against overflows, when densities turn into zero.
The constant Sm is dimensionless. If the estimates of the voxel amplitudes were
statistically uncorrelated, the noise reduction would follow 1/Sm law at large Sm.
The overall reconstruction calculation time is little affected by the inclusion of the
noise suppression term Lsm. The further development of the method envisages the
analysis of the statistical significance of small non-smooth details of the image and
blocking of 'suppression' of such details.
5.5 Perforated Screen and Noise Suppression
The ML method, in case of its full 3-D implementation, does not lose any information,
but due to the large volume of conic regions selected by the Compton events, the
multiplicity number is big, and the noise amplification is big as well.
The other radical method to diminish the noise amplification is the diminishing
of the multiplicity by the modification of the detector itself. It can be done by using
untraditional 'collimator' placed between the object and the detectors and to reduce
the cones defined by the Compton events, to a number of thin rays. In case of cones,
'collimator' should not make the rays parallel (there is to collimate them in the exact
sense of the word col-limate), but rather should make some spatial selection. It can be
either the system of slits, or perforated screen. The latter proved to be more efficient
and was included in the software as a default option.
An efficient perforated screen has an acceptance about A=1%, the optimal value
depending of the accuracy and of the geometry of the detector. It decreases the
multiplicity M and the noise by several dozens times, if the same number of registered
events is taken in the comparison. Therefore, if the same number of emitted photons
(same radiation dose) is assumed in the comparison, the screen changes the noise by
the factor
K = M/(Mo v/-), where Mo is the multiplicity without the screen, that is makes
it several times smaller. Besides this, the screen
* reduces the amount of registered data and calculation time by factor A,
* improves the resolution (in the tests made, from 3 to 10 times),
* improves the convergence of maximization process.
5.6 Suppression of backgrounds
The second problem is the suppression of the background of the additional noise and
of the halo created by the admixture of the non-Compton events in the measured data
and by undetected scattering of photons in the human tissues and in the detector.
Three measures diminishing the background are used:
(a) Filtering of the input data;
(b) Rejection of pixel-cell of low intensity;
(c) Correction of the Likelihood function.
Their implementation and effects are as follows.
Filtering
The default filtering checks whether the energies of two vertices are compatible
with the Compton scattering kinematics and rejects wrong ones. Optionally,
it may select certain energy/angular regions and set limits on the distance be-
tween vertices. If events are generated ones, they have labels describing their
type. Therefore, such events can be selected by their type, which is useful in
testing anti-background measures. The filtering take little time, but affects usu-
ally small percentage of events. The rejection of a large portion of events for
whatever reason proved to be disadvantageous.
Low-intensity cut-off
The object volume 20 x 20 x 20 cm3 is always at least half-empty, but due to
fluctuations and the background the empty space does not look exactly empty.
The uniform background, which is below the value Ain set in the task-file, is
cut off in the reconstruction program. It was found useful to do it after each
successful (increasing L) maximization step. Special tests had shown that if the
initially significant amplitude of some cell diminished after a valid maximization
step and became smaller than Amin, the further steps never increase it. The
threshold Amin may be made dependent on the cell size. In cases when the
reconstructed object is known to be small, changeable threshold is useful. Only
approximately uniform background can be eliminated by cut-off.
Correction of L
The maximum Likelihood principle is able to use any information about the
radiating object. Even the background bears some positive information that
can be used via the properly defined Likelihood function. To demonstrate this
fact, special tests were made when (from the labeled generated events) the
good Compton events were rejected and only background events (scattered in
the window, non- Compton, etc) were selected and fed into the reconstruction
program. It correctly found the region where the source was, though, of course,
the resolution was poor.
The admixture of background is usually harmful for the reconstruction because
the reconstruction program is not given the information about the properties
of background events and is forced to treat all events as valid Compton ones.
If the probability distribution correctly takes into account the existence of the
scattering in tissues and of other background physical processes, the maximum
Likelihood estimate should give correct undistorted image. The only negative
effect of the background may be some increase of noise.
The main problem is calculate the probability distribution of background events
and to refer to this distribution during the reconstruction. This distribution is
a complicated function of many parameters: the photon path in the tissues,
the place of entrance into the detector, the entrance angle, the energies of the
vertices, the distance between them, the selection parameters set in the detector,
etc. The generation, analysis, and tabulation of this distribution should be a
subject of a special research devoted to the calibration of the tomography.
The present software includes only the first simplest step in this direction,
namely, the rough approximation of energy distribution of the first vertex ac-
counting for the scattering of photons by human tissues. The approximation is
done by two additional exponents and a constant. The corresponding 5 addi-
tional parameters are extracted from generated distributions and input through
task-file. This correction, though it ignores many features of the true distribu-
tions, considerably suppresses the background and the halo around the compact
source (compare figs. 5-11, 5-13, and 5-12). Besides, it accelerates the rejec-
tion of empty regions of source, which saves the computation time.
It is difficult and lengthy to plot the background distributions and seek for their
approximation convenient for the reconstruction algorithm. More efficient way
is to develop the self-calibration option of the reconstruction program, when
this program given the full calibration data: both the source positions and
the events registered, seeks itself the approximation of the Likelihood function,
compatible with these data. The development of such software is planned.
5.7 Mathematical problems of maximization
The maximization of a function of many parameters is generally a difficult problem.
The method developed by Sokolov Skiff for the purpose of the least-squares analysis
[13], proved to be very efficient, but practically limited to the cases of several dozens
of parameters. The limitation arises due to the small determinant of the matrix, that
should be inverted when the direction to the extremum is calculated. Neither this
method, nor its numerous latest modifications, including those specially developed
for the tomography applications , are able to maximize the Likelihood function over
several thousand or several dozen thousand parameters what is required for the re-
construction of the high-resolution three-dimensional image. This problem exists in
the usual tomography using well-collimated beams as well, but it is less acute there
due to the following reasons:
* Strong beam collimation makes it possible to reconstruct an image slice-by-slice,
reducing the problem of reconstruction to the easier 2-dimensional case.
* Usual gamma-tomography have low resolution (1cm or slightly better), so the
number of pixel-cells in each slice is not very large.
* The orthogonality of collimated rays for two projections simplifies the structure
of the matrix that should be inverted (it has so called 'circular' structure ),
what facilitates the matrix inversion.
In the case of the Compton scattering tomography, the maximization problem
becomes very difficult. The corresponding matrix (the matrix of second derivatives of
the Likelihood function) has extremely small determinant, no special helping struc-
ture, and millions of elements instead of hundreds in the usual gamma tomography.
All the previous attempts to reconstruct images from the Compton scattering data
sacrificed the resolution and efficiency of the detector, used small number of pixel-cells
and treated only the 2-dimensional reduction of the 3-dimensional problem.
To avoid the difficulties with the matrix inversion, a new approach to maximization
problem, involving no matrix inversion, was developed. The new algorithm has the
following features
(a) It has two levels of maximization: higher level treating the Likelihood function
L and lower level treating an auxiliary quadratic polynomial Q.
bOL 1 02LQ(b) = L(ao) + ± bk + I E bk b 2  (5.10)
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where bk = ak - ak and the derivatives are taken at point a.
(b) Maximization of Q is not reduced to the solution of linear equations, but is done
directly using large nonlinearly calculated steps.
(c) Maximum of Q is sought in the subspace of strictly positive parameters A (which
are the estimates of the radiation intensities and must be positive).
(d) No attempt is made to find the coordinates of the maximum (of Q and L) with
the precision much greater than that of the initial data.
The most important and original features are (b) and (d). They make the behavior
of the algorithm practically independent on the number of parameters.
The number of steps to the maximum of L (made at higher level) remains in the
range from 4 to 10, if the number of parameters varies from 8 to 4,000. It has no
tendency to increase. The number of steps to the maximum of Q varies from 20 to 200
from case to case and remains in this range for 4,000 parameters. The calculation time,
spent on the maximization of Q, grows approximately proportional to the number of
parameters and makes 10% or less of the time, spent on the calculation of probabilities.
The algorithm is not sensitive to the inaccuracies in the calculation of the derivatives
of L. It gives the possibility to shorten considerably the calculation of these derivatives,
omitting relatively small terms.
The further development of the maximization algorithm is not essential unless the
calculation of probabilities is made several times faster.
5.8 Computational problems
The statistical quality of images, speed, and memory size are competing require-
ments for the reconstruction program and the development of the algorithms seeks
an acceptable compromise between these requirements.
Speed
Speed of the reconstruction is the first vital requirement. The most time con-
suming operation is the computation of the elementary probabilities p' to obtain
the Compton event i from the photon emitted from point k. It involves
(a) Computation of the intersection of the line connecting the emission and
scattering points with the perforated screen and deciding whether the pho-
ton could pass through the nearest hole in the screen. The decision should
take into account the size of the cell, where the photon was emitted from,
and the detector accuracy. The check as to whether the photon from a
given cell may or may not pass through the screen should be done for each
photon. The check turned out to be faster than the calculation of the
Compton cone, so for each event it is done first. To save time further, the
list of cells, visible from the screen from the given Compton event, is made
and consulted repeatedly till the list of cells is not changed.
(b) Computation of the energy that photon would lose in the Compton scatter-
ing if it were emitted from the point k (or, equivalently, the computation
of the scattering angle). It requires the computation of scalar products
and at least one square root.
(c) Computation of the probability. In simplified case, the probability is ap-
proximated by the Gauss law, in realistic case, when the scattering in
human tissues and other background processes are present, the sum of
several exponents is required.
(d) Integration of the probability over the volume of the cell, or approximation
of such integration by some corrections of constants entering the probabil-
ity expression.
The number of required probabilities is usually very big. For example, a test
reconstruction of a 3-dimensional object like the hollow sphere requires the use
of about 200,000 Compton events and determination of about 3,000 emission
amplitudes. During such test, about 6 * 108 elementary probabilities have to be
computed. Most of them have to be recomputed several times.
To shorten the time spent on the probability computation, three strategies are
taken.
(a) Before the exact calculation of a probability, the simplified tests are made
as to whether it is small. If yes, the probability is set to zero and further
calculations are skipped.
(b) Exponents are tabulated and square roots are partially tabulated.
(c) Corrections common to all cells are precomputed.
Most important among these measures is the measure (a).
During the search of the maximum of the Likelihood function each elemen-
tary probability is used about 20 times, so the storing of found probabilities is
essential. It creates the problem of memory space.
Memory
Most of the memory space is occupied by three arrays:
1. The square matrix of the second derivatives of the Likelihood function. It
grows quadratically with the number of cells. In case of 3,000 cells, it has
9M elements.
2. The elementary probabilities. Their number is proportional to the product
of the number of cells by the number of events. Since the estimate of the
emission amplitude from each cell must be statistically supported by some
number of events, this number grows quadratically with the number of
cells.
3. The list of events. Each event is described by the coordinates and energies
of two vertices, and by a couple of auxiliary numbers, in total, by 10
numbers. In a typical test, the event array has from 1M to 3M elements.
The event array has no zeros and must be kept permanently. It is read strictly
sequentially, so the standard paging systems handle it efficiently. The proba-
bility array has many zeroes and must be stored in squeezed form. To make
the retrieval fast (faster than the recalculation), this array has to be supplied
by two index arrays of comparable size. The percentage of squeezable zeros
depends crucially on the choice of the perforated screen collimator geometry.
Fortunately, the choice of collimator geometry producing a sparse probability
array is close to the optimal choice from the point of view of the quality of
the reconstructed images. In both cases, the number of cells the photons from
which could produce the given Compton event should be minimal. The array
of second derivatives is symmetric and is sparse as well. But it is difficult to
squeeze, because until the end of the calculation of all the probabilities it is
not known what elements of this array are small and can be dropped. So, ei-
ther the space for the entire unsqueezed array should be allocated during this
calculation, or partial contributions from different events, coming in an almost
random order, should be continuously ordered during event cycle. With mil-
lions of such contribution their continuous ordering is time-prohibited. Besides,
for the maximization subroutine, using these second derivatives, the retrieval
time is essential, what makes complicated squeezing algorithms unacceptable.
So, some compromise storing scheme with partial ordering has to be developed.
It should take into account the working logic of the standard paging system,
otherwise paging support will be inefficient.
5.9 Image reconstruction program development
The tasks of the reconstruction software are:
1. Calculation and maximization of the Likelihood function.
2. Generation of simulated data.
3. Control of the reconstruction process.
4. Control of the internal program functioning.
5. Saving and restart.
6. Bookkeeping of tests.
7. Checks and transformations of input data.
8. Statistical analysis of results.
9. Fourier analysis of results.
10. Visual representation of results.
The work of the main reconstruction program is steered by a task-file, containing
the job instructions, various parameters, and the common root-name of input-output
files. New tasks are added to the beginning of the task file. Such organization allows
one to repeat old tests, or continue them with the same or different parameters
provided the corresponding SAVE-files are not erased.
The fulfillment of tasks 7-10 is incorporated into the main reconstruction program,
but can be done as well off-line by a set of separate programs, having more options.
The development of the reconstruction algorithm includes the solution of several
kinds of problems:
1. technical problems due to huge amount of computations required;
2. mathematical problems of maximization;
3. mathematical and statistical problems of noise and background reduction;
4. problems of data analysis and representation.
To test adaptive ML method and various modifications of the space-searching and
maximization procedure, the test reconstruction program was written. It obeys the
instructions from the task file containing the parameters of the detector, names of
input-output files, the number of events etc.. Its main subroutines are:
IMAGE subroutine reconstructing the image. It refers to the subroutines GRID,
UPUP, HIHI,SVIN, SVOUT below and incorporates blocks that compute the
Likelihood function and its first and second derivatives with respect to ampli-
tudes of radiation intensities in pixel-cells. It handles a large internal buffer
to keep temporarily the calculated probabilities and other values that are used
several times.
TOSS subroutine for fast generation of Compton scattering events. TOSS does
not take into account the scattering in the window of the detector and many
other details taken into account in GEANT [16], but is many times faster which
is important in preliminary tests of new algorithms and of new detector con-
figurations. Besides, it gives independent (from GEANT) simulation material
for comparison tests. TOSS has the same output format as one for GEANT
simulated data.
UPUP subroutine maximizing the quadratic polynomial Q approximating locally
logarithm of the Likelihood function L. The present version of UPUP is able
to maximize polynomial Q of more than 1,000 parameters. The maximum is
found in the subspace of positive parameters (the parameters are the radiation
intensities from pixel-cells in space).
BREAK subroutine that prepares good initial approximation of the image with
smaller pixel-cells.
GRID subroutine checking the visibility of the scattering point from the pixel-cell
through the perforations in the screen. It takes into account the size of the
cell and the accuracy with which the coordinates of the scattering point are
measured. GRID is used both in the calculation of elementary probabilities
and in the event tossing.
SELECT program to extract from GEANT or TOSS generated events certain
subsets with energy, spatial, or other limitations. It is used to study of the
influence of various selection criteria implied in the detection process on the
quality of the images.
SVIN, SVOUT subroutines saving the state of the reconstruction process and
allowing to interrupt it and to resume from any step. It saves time when the
algorithm changes affecting only last approximations are tested.
HIHI subroutine referring to the HBOOK package from the CERN Program Li-
brary and producing various histograms.
LOOK program producing moving stereo images on PC screen.
KINO program drawing on PC screen spatial images and slices rotated arbitrary
about three axis.
These programs now are able to handle up to 300,000 Compton events and find
up to 10,000 radiation intensities from pixel-cells of different sizes. They are written
in Fortran and use CERN Program Libraries [15] for image graphical presentation
and visualizing.
The test reconstruction programs run in the multi-user environment. The elapsed
computer time on a medium size computers such as DEC 3,000 workstations was
from 10 minutes to a few days depending on the image volume and the number of
events used. The number of the Compton events required in the most tests was
below 100,000. The images of complicated 3D objects with cavities were successfully
reconstructed.
The main problems that remains to be studied and solved are the reconstruction
of low-contrast objects and suppression of the background caused by the scattering
of initial is in the human tissues and on the parts of the GXe chamber. The further
improvement of computer programs is vital as well.
5.10 Preliminary results
5.10.1 Detector assumed
The detector has the cylindrical sensitive volume of the radius 20cm and of the height
10cm. The coordinates of the vertices are measures with rms error 0.3mm in the radial
direction and error 0.2mm in the axis direction. The energy lost by photon in the
Compton scattering (energy (E) released in the first vertex) is measured with the
relative error .012 * V14Kev/E. In the simplified event generating program, the
second vertex is supposed always detected. In the estimates of derivable errors, the
distance between vertices is assumed 4cm.
The entrance window of the detector is placed at 15cm from the center of the
object volume. The thin perforated screen with round holes of radius 0.8mm with
8mm distances between hole centers is placed between the window and the object at
the distance 5cm from the window and 10 cm from the center of the object volume.
Holes are made in triangular (honeycomb) pattern. The screen lets the photons pass
only through the holes. It makes no angular selection and has acceptance 0.03.
Four expositions rotated by 0, 90, 180, 270 degrees around the axis normal to
the test plate are used. When we say 20,000 Compton events we mean the the
total number at four positions, and it implies that 5,000 events are detected in each
position.
Expected resolution of the reconstructed images for such detector is in 1-2mm
range depending on the number of registered photons, the thickness of the object,
and the method used. The chosen voxel size of 1.563 mm is comparable with the
expected resolution. (Smaller voxel size was not systematically used due to computer
limitations.)
5.10.2 Results of preliminary study
We have made preliminary studies of the ML method and developed a new maxi-
mization procedure without solving a system of linear equations nor wasting time on
trying to find the position of the maximum of the Likelihood function L with greater
precision than the accuracy of the initial data. We have made tests showing its high
efficiency both for small and large number of parameters. Besides, the adaptive ver-
sion of ML method was developed, adjusting the size of pixel-cells to the quality of
data and narrowing step by step the size of the region, where the tumor is searched.
The maximization procedure, like earlier known procedures, based on the local
approximations of the function L by the quadratic polynomial Q, uses neither the
matrix inversion, nor the diagonalization of the matrix, but directly sought the sum-
mit of the polynomial making large, non-linearly calculated steps. The maximization
procedure searched for and found the conditional maximum of Q in the subspace of
positive parameters. It was proved to be so efficient, that the maximization of Q
take usually less than 10% of the time spent on the calculation of the probabilities
entering the function L.
The 3D reconstruction tests with the simulated events having realistic errors and
containing Compton scattering events as well as realistic backgrounds, showed that
the adaptive ML method gives the 3D image of a pointlike source reconstructed in
space of 20cm x 20cm x 20cm with the resolution 4mm (FWHM) if no collimator or
screen are used.
The theoretical analysis of the structure of the Likelihood function showed that, for
the same detector and statistics, the resolution can be improved if the flux of -ys were
spatially modulated and this modulation were reflected in the Likelihood function.
The modulations of the 7 flux by various screens were simulated and reconstruction
tests were made. They showed that if the SDC imaging detector is supplemented
with a perforated screen placed at some distance before its window, the resolution
(for the same number of -ys emitted) becomes better than 1mm.
There are large number of tests have been done. The tests fall into four categories:
1. Test the original (without a screen) concept of the Xe-detector with clean Comp-
ton events (measured with realistic errors).
2. Test the original concept of the detector with non-clean events, containing the
contamination of background and ys scattered before entering the sensitive
volume.
3. Test the detector with an idealized perforated screen before the entrance win-
dow.
4. Test the detector with realistic perforated screen made of W or Pb and addi-
tional background due to the scattering in the edges of perforations.
Tests of category 1 and 3 were used mainly for the checks of various details of the
algorithm and for the evaluation of the effect of the screen in different screen-detector
configurations. Tests of category 2 and 4 were made for the study of the effects on
the image of various backgrounds and to check the efficiency of possible algorithmical
counter-measures.
Using the measured xenon-SDC energy resolution TE/E = 1.2% 60keV/E and
coordinate resolution a, = ay = az= 1.2 mm for the simulation, the preliminary
results of some examples of reconstructed images (unless otherwise specified, the
sample size for each image is about 40,000 selected events for 4 SDC positions) are
shown as follows:
* Reconstruction of a thin wire-like 7-emitting ring of the diameter 3 mm situated
in a space of 10 x 10 x 10 cm 3 , with a grid of 3.0% transparency in front of the
SDC. As seen from the different projections in Fig. 5-7, a sub mm resolution
is obtained by combining a xenon-SDC Compton y camera with a grid screen.
A NaI Anger camera simply does not have the resolution to resolve such a ring
image.
* Reconstruction of a thin wire-like 7-emitting ring of the diameter 3 cm situated
in a space of 10 x 10 x 10 cm 3, to compare three different detectors a) SDC
without screen, b) SDC with screen, c) Idealized conventional NaI Anger camera
with parallel hole collimator(they have been described in chapter 5.8). The
resultant reconstructed images in Fig. 5-2 demonstrate the huge advantage due
to higher resolution and higher acceptance of a precision Compton -y camera.
* Reconstruction of a 4 cm diameter sphere with a 3 cm diameter cavity inside
the sphere with the grid with 3% transparency As seen from the different slices
in Fig. 5-8, a precise 3-D image is obtained.
* Reconstruction of a "thin" wall U-tube ( toroidal surface) with the tube diam-
eter of 1 cm and the wall thickness of 1 mm and the curvature diameter 4 cm.
The grid transparency used was 0.75%. The image smoothing procedure was
applied to suppress amplitude fluctuations. Fig. 5-9.
* Reconstruction of 2 pointlike sources with different intensities, situated at 2
cm apart from each other and at a distance of 10 cm from the SDC entrance
window in the air media Fig. 5-10.
* Reconstruction of the same 2 pointlike sources as in Fig. 5-10 but situated at
the center of a 9 cm radius water sphere (as a scatter), when a simple Gaussian
shape for the elementary probability function has been assumed Fig. 5-11.
* Reconstruction of the same 2 pointlike sources as in Fig. 5-11, when the ele-
mentary probability function has been calculated using realistic simulation using
GEANT Monte Carlo program Fig. 5-12.
* Reconstruction with a realistic 2 mm thick tungsten honeycomb perforated
screen with 1.6 mm diameter holes separated by 8 mm from each other. Two
pointlike sources with different intensities, 2 cm apart from each other, are sit-
uated at the center of a 9 cm radius water sphere (as a scatter), 10 cm from the
grid and 15 cm from the SDC entrance window. when the elementary probabil-
ity function has been calculated using realistic simulation using GEANT Monte
Carlo program Fig. 5-13.
3 mm diameter thin ring
0.25
0.2
0.15
0.1
0.05
0
-0.05
-0.1
-0.15
-0.2
-0.25
0.2
0.15
0.1
0.05
0
-0.05
-0.1
-0.15
-0.2
-0.25
*mm....Eu.Eu
· · · · · · · ·
Smm-
M * IWE W
EEme mi
N W W MW
i*mm*M~18 1 88 ~ W *
-0.2 -0.1 0 0.1 0.2
X, cm
a)
U.
mm
musW r
• •
- mmm
"- r
",l,,,,l,,,,1,,,,l,,.,,l,
-03 -0.1 0 0.1 0.2
y, 
cm
c)
U.
-
-0.2 -0.1 0 0.1 0.2E mRE
-0.2 -0.1 0 0.1 0.2x, cm
b)
-*
-mm
Smm
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intensity attributed to that pixel by the reconstruction program.
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d) XY slice at z=1.5 cm The darkness of each pixel is
attributed to that pixel by the reconstruction program.
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Figure 5-9: Reconstructed image of a 4 cm diameter U-tube: a) XY projection, b) XZ
projection The square of a box for each cell is proportional to the intensity attributed
to that cell by the reconstruction program.
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Figure 5-10: 2 pointlike sources in air media. Reconstructed image of 2 pointlike
sources in air media obtained with detector at 20 atm pressure. Probability function
in ML reconstruction program has been adapted to real events to suppress "host"
images.
Figure 5-11: 2 pointlike sources in a sphere of water. Reconstructed image of 2
pointlike sources in a water sphere, obtained with detector at 20 atm pressure. The
probability function in a ML reconstruction program was assumed to have a Gaussian
shape. As seen the "ghost" problem is much worse.
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Figure 5-12: 2 pointlike sources in water sphere for realistic probability function. The
same case as for the previous Figure. The probability function in a ML reconstruction
program is adapted to real events to suppress "ghost" images.
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tungsten grid was applied. Probability function in a ML reconstruction program is
adapted to real events. As seen the "ghost" images are completely removed.
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Chapter 6
Conclusion and Future prospect
The goal of this research is to develop an efficient method of reconstructing 3-D images
of -y emitting sources with high resolution and large acceptance using detected events
from Compton scattering. Compared with a conventional parallel hole collimator,
one degree of the two transverse freedom is released by the slit collimator and one
degree of freedom corresponding to the polar angle is released by the screen collimator.
Therefore they increase the photon acceptance by a factor of two orders of magnitude.
The new reconstruction algorithms combing with new collimators promise an increase
in detection efficiency and a better image quality.
Slit collimator with 2D inverse Radon transformation gives a simple and fast
algorithm. However, it lacks an error correction mechanism and does not take into
account the full statistical information. We propose the future research for the AML
containing the following points:
* Develop the method of high-precision 3D image reconstruction from the Comp-
ton scattering events of the large low-contrast objects. In the case of large
low-contrast objects, the strategy of cell division should take into account the
expected fluctuations of amplitudes and should forbid cell division if the ex-
pected amplitude difference between divided cells is smaller than the fluctu-
ations. To implement such a strategy, one has to supply the program with
estimations of the amplitude gradients and of the fluctuations, and generalize
the algorithm of cell division to the case of the mixture of cells of different sizes
and shapes. The refined strategy should give images in which the borders of
tumor are accurately outlined by many small cells, while its interior and the
surrounding background are described by relatively small number of large cells.
* Study the negative effects on the images of the scattering of the initial -ys by the
tissues surrounding the tumor and by the elements of the detector and develop
methods to suppress these effects. The preliminary studies showed that if no
precautions are taken, the photon scattering in tissues produces halo of certain
shape and size and intersection of halos from nearby tumors may imitate low-
contrast small tumors. However, if information about these halos is included
into the Likelihood function, the halos become suppressed in the image. The
strong suppression of halos requires the good knowledge of the halo's structure.
So, this item of research implies the detailed study of halos and the tabulation
of the relevant probability distributions for the Likelihood function calculations.
* Study the processes accompanying the Compton scattering in the Xe chamber
and introduce the relevant distributions into the Likelihood function. The use
of the Gauss distribution for the measurement errors is not quite correct and
is responsible for some part of the image smearing. In reality, the process
of electron cloud formation, the diffusion during the drift of the cloud, the
admixture of events with scattering from bound electrons, etc., results in the
more complicated probability distribution, depending on the distance of the
event vertices from the light detectors. This item of research envisages the
replacement of the Gauss distribution by more correct one and the elimination
of the relevant smearing of the image.
* Study and test the combination of the adaptive ML method with contrast-
enhancing and fluctuation-suppressing methods. The fluctuation suppression
and the increase of the contrast may be incorporated into the process of image
reconstruction. It may be done by the addition of special smoothing terms to
the Likelihood function. However, these terms will influence the maximization
process and the process of cell division. The absolute values of smoothing terms
and their dependence of the distances between cells has to be optimized to get
the image-improvement effect without the slow-down of convergence or enhance-
ment of the halos. The relevant research includes the clarifying of the influence
of the smoothing terms on the image reconstruction process and finding the
optimal smoothing and contrast-enhancing terms.
* Develop an interactive version of the adaptive ML method. The development
of the interactive facilities may be based on the standard library of Motif and
X-window software. Two kinds of interactive intervention are proposed to de-
velop. The first kind is the steering of the visualization of the reconstruction
process which should facilitate and quicken the tests of different versions of
reconstruction method. The second kind is the intervention into the recon-
struction process itself to concentrate its resources on the interesting regions,
if there is a-priori medical information,as to where the tumor is excluded and
where it is suspected.
* Develop the noise-suppression procedure for piece-wise continuous objects.
* Develop the cell-division strategy for the low-contrast objects.
* Develop the halo-suppression procedure for the scattering halo.
* Study and tabulate the probabilities taking into account all kinds of the physical
background in the detector.
* Simulate the medical-relevant phantoms and reconstruction tests with such
phantoms.
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